This report focuses on the procedures and technical requirements for interconnecting utility-scale photovoltaic (PV) plants, typically greater than 20 MW, to the transmission grid within the United States. The discussion is primarily based on requirements set out by entities such as the Federal Energy Regulatory Commission and the North American Electric Reliability Corporation. The interconnection of utility-scale PV plants is a relatively new concept within the United States, and the requirements for plant performance and interconnection facilities are different from PV's more common application as a distributed resource, especially with respect to generator response to voltage and frequency disturbances. The reasons for growth and the attractiveness of the U.S. PV market are also examined along with the topology of a typical PV plant.
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INTRODUCTION AND OVERVIEW
Purpose of Report
The purpose of this report is to provide information to utilities and photovoltaic (PV) developers on the general procedures for interconnection of large-scale PV plants as well as describe the general technical requirements for plant performance. Since 2009 when the first utility-scale PV plant became operational in the United States the interest in utility-scale installations has continued to grow. More and more, large-scale PV has established itself as a viable resource to meet load and to help meet state renewable energy portfolio standards and mandates. This growth in the United States is reflected in the amount of planned utility-scale PV projects that are expected to take the industry from the 300+ megawatts (MW) in operation as of the first quarter 2011 to several gigawatts (GW) within the next few years. Before 2009, all PV plants were connected to the grid at distribution-level voltages. Because of this, experience with PV project interconnection is relatively new for the PV industry. Interconnection at the transmission level does not follow the same principles applicable to distribution systems. This report is intended to help bridge the gap in knowledge as transmission-connected PV becomes mainstream.
What is Considered Large-Scale PV?
PV installations are typically separated into three categories: residential, non-residential, and utility scale. Non-residential PV would include installations at government buildings and retail stores ranging from tens of kilowatts (kW) to several MW, while residential installation would be installed in homeowners premises, typically less than 10 kW. These types of installations are typically on the customer's side of the meter and the energy produced is used predominantly on site. Customer-side generation is under state jurisdiction, and their interconnection is conducted pursuant to state-specific interconnection procedures. The Federal Energy Regulatory Commission (FERC) has issued separate interconnection procedures for large generators, those with nameplate capacity greater than 20 MW, and for small generators, those with nameplate capacity less than or equal to 20 MW.
Applicability of reliability standards is also related to plant size. All commercially available wind turbine generators and PV inverters are well under 20 MW, but the size of the respective plant determines which procedures set of performance standards apply. Existing standards are being modified to clarify application to PV (and wind) generation. For example, the proposed North American Electric Reliability Corporation (NERC) PRC-024-1 standard, which deals with voltage and frequency ride-through, applies to single generating units greater than 20 mega voltamperes (MVA) and aggregate plants greater than 75 MVA.
Because PV installations have historically been small and distribution-connected, the PV industry is most familiar with the Institute of Electrical and Electronics Engineers (IEEE) 1547, Standard for Interconnecting Distributed Resources with Electric Power Systems. IEEE 1547 is applicable for installations up to 10 MVA. Requirements in IEEE 1547 were based on the assumption that energy production would be predominately consumed on site. The specific requirements were tailored to avoid interference of distributed resources with utility grid operations. At the transmission level, in contrast, interconnection standards are designed to ensure that generation supports grid reliability. It is the purpose of this report to educate the reader on the proper requirements and procedures for interconnecting large-scale PV plants greater than 20 MW per the FERC Large Generation Interconnection Procedures (LGIP).
Trend Toward Large-Scale PV Plants
The price of PV systems has decreased dramatically over the past years, particularly for large PV systems. At the same time, states have strengthened incentives for renewable energy generation. Not surprisingly, this has led to a sharp increase in utility-scale PV installations and proposed PV projects. In 2010, a total of 820 MW of new PV generation was installed in the United States, doubling the 435 MW that was installed in 2009 (utility and non-utility scale). On the basis of installed capacity, the utility-scale PV segment has grown at a faster pace (Figure 1 ), and this trend is expected to continue in the future. There are three features that make the United States an attractive market for PV installations. The United States has an excellent resource in terms of solar insolation levels, ranging from 3.5 kWh/m 2 /day in the northeast to 8.5 kWh/m 2 /day in the southwest. 2 It is important to note that the regions with the lowest insolation levels in the United States are comparable to those found in Germany, the current global leader in PV installations.
Another reason for sustaining long-term PV growth is the availability of land in the United States, especially in the sparsely populated western states.
Where merely a few years ago in the United States a PV plant over 20 MW did not exist, now installations of that scale are becoming more frequent. In 2009, when the DeSoto Solar Energy Center in Florida was completed (Figure 2) , it became the first transmission-connected PV plant in the United States (230 kilovolts [kV] ). With a total installed capacity of 25 MW it was then the largest PV plant in the United States. Utility-scale PV plants are typically owned and operated by a third party and sells the electricity to a market or load serving entity through a Purchase Power Agreement (PPA). Table 1 This trend of PV plant increasing in size is expected to continue in the near future. Figure 3 shows the announced utility-scale PV projects that are under contract (PPA signed) and precontract. Of the 6,055 MW currently under a signed contract, 561 MW of utility-scale capacity is expected to come on line in 2011. The creation of state RPSs has led to the creation of a market for Renewable Energy Certificates (RECs). A single REC represents the renewable attributes of one megawatt hour (MWh) of electricity production from an eligible renewable energy generation facility. In some states RECs can be purchased by the utility and count toward the RPS mandate. This can provide potential revenue for solar projects in those states that allow RECs and electricity to be unbundled and sold separately.
Reasons for Growth
Federal Tax Credits
Federal tax incentives applicable to large-scale PV include the Federal Investment Tax Credit (ITC) and a Modified Accelerated Cost Recovery System. 8 Several states also offer investment tax credits for solar installations.
Currently, solar projects receive an ITC equal to 30% of the project's qualifying costs until the end of 2016, at which time the credit will revert to 10%. The credit is realized in the year in which the PV plant begins its commercial operation and is vested over a five-year period. There are also certain limitations on the ITC if it is used in combination with other incentives. Section 168 of the Internal Revenue Code provides a Modified Accelerated Cost Recovery system for investments in solar power projects. This section allows projects a five-year, double declining-balance depreciation.
Additional investigation into the various Renewable Portfolio Standards, Renewable Energy Certificate programs, and tax incentives is warranted on a project-to-project basis.
APPLICABLE TECHNOLOGIES
PV Plant Architecture
The components of a large-scale PV plant work together to transform the energy from the sun into grid-compatible AC electricity. Figure 6 shows a typical layout of these components. The direct current (DC) energy created by the solar arrays is converted to low voltage (200 V to 480 V) AC by the inverters. At this point the voltage is then stepped up to a medium (12.5 kV to 34.5 kV) voltage to more efficiently carry the energy to a single collection point, where the voltage is further stepped up to match the transmission grid. The rest of Section 2 will provide further detail on PV plant components.
Types of PV Arrays and Tracking Systems
Photovoltaic systems use semiconductor cells to convert solar radiation into DC electricity. The three most common types of PV technologies are crystalline silicon (c-Si), thin-film technology, and concentrating PV. Crystalline silicon solar cells are by far the most common technology for the solar cell market today.
10 Current reporting on efficiency of thin-film cells are in the area of 11% whereas c-Si cells come in around 20%.
11 Thin-film technology can also use Si as the semiconductor (usually amorphous Si) but have also used other materials such as cadmium telluride (CdTe).
Concentrating PV technologies utilize lenses or mirrors to focus sunlight on a small area of highefficiency cells. Demonstrations of concentrating PV show large-scale system efficiencies of 25%.
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In addition to the semiconductor technology, there are different ways that a system can optimize energy capture. The arrangement and angle of the PV cells can play an important role in the total energy capture of the plant. While it is more common for PV arrays to have fixed mounts, some PV arrays use one-axis tracking systems to enhance energy production. Tracking systems are required for concentrating PV.
Inverters and Other Balance of Systems
Inverters are required to transform the DC output of the solar arrays to alternating current (AC) electricity compatible with the electric grid. A specific configuration for a PV plant's DC-to-AC converter is shown in Figure 7 . One of the inverter functions is to control the DC voltage to ensure that the PV array operates at maximum power. Inverters also incorporate grid compatibility functions such as anti-islanding, and reactive support. The rating of power converters for large-scale solar plants today is typically 250 kW; however, 1-MW converters are just starting to appear.
INTERCONNECTION PROCEDURES (FERC LGIP)
In general, interconnection of new large-scale generating facilities takes place in accordance with the transmission provider's pro forma Open Access Transmission Tariff (OATT) on file with the FERC.
13 FERC Order 2003 sets forth the Standard LGIP for generators greater than 20 MW 14 as well as the Standard Large Generator Interconnection Agreement (LGIA). These documents lay out the responsibilities of the both the transmission provider and the interconnection customer.
This section provides an overview of the FERC Standard LGIP. It should be noted that the following examines the LGIP as of the issuance of FERC Order 2003-C.
Application Process and Data Requirements
Illustrated in Figure 8 is a flowchart representation of the LGIP used to process interconnection requests. When an interconnection request is made and deemed "perfected" or completed by the transmission provider, the request is entered into the interconnection queue. The transmission provider uses the queue to determine the sequence in which the interconnection request will be studied. Section 3.1.3 has more information on the queue management.
After initiating an interconnection request, a three-step process is used to determine the interconnection costs and construction sequencing: (1) the Interconnection Feasibility Study (Feasibility Study); (2) the Interconnection System Impact Study (SIS); and (3) the Interconnection Facilities Study (Facilities Study). The interconnection customer is obligated to pay the transmission provider a certain deposit for the performance of each study. After completion of the studies, the difference between the deposit and the actual cost incurred will be paid by or refunded to the interconnection customer. The interconnection customer is responsible for providing project data needed for the studies to proceed. The interconnection process concludes with the signing and execution of the LGIA, or a withdrawal of the application.
During the interconnection study process, most proposed projects have not finalized aspects of their design, possibly including the project size. The interconnection procedures allows for modifications of the application to be made at certain junctures during the study process. Such modifications are evaluated by the transmission provider to determine if the change would impact the position on the interconnection queue (see Section 3.1.3).
The purpose of the interconnection studies is to determine the system upgrades necessary to interconnect the proposed project and the associated cost and construction schedule. It should be noted that securing delivery rights entails a separate application and study process not covered in this document. Additional upgrades may be required for delivery service. It should be noted that, in general, interconnection service does not convey delivery service. The interconnection process can be technically complex when it involves multiple proposed projects in the same general location. Sometimes the studies must be conducted in coordination with other transmission providers that may be affected by the proposed interconnection. For these reasons, it can take months or even years for an interconnection request to go through entire interconnection process.
Initiating an Interconnection Request
To begin an interconnection request, the interconnection customers must complete the data request per Appendix A to the pro forma OATT and provide a refundable deposit to the transmission provider. The deposit will be applied towards the actual cost of the interconnection study. The data to be provided at the initiation of the interconnection request are the following:
• Type of interconnection service request (Network Resource Interconnection or Energy Resource Interconnection);
• Location of the proposed facility;
• Maximum MW electrical output during summer and winter seasons;
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• General description of the equipment configuration;
• Commercial operation date;
• Approximate location of the proposed Point of Interconnection (POI) (optional); and
• Generation facility data (Attachment A to Appendix 1 of the OATT)
o Generator facility data o Data sheets for power flow and dynamic modeling.
Much of the generator facility data requested in Attachment A does not apply to inverter-based generators like PV plants. Instead relevant information regarding the inverters should be provided. In addition to (manufacturer, model name, number and version, other relevant information will be needed to conduct the studies. Refer to Section 3.2 of this document and Appendix A of the WECC Modeling Guide (which is included in the appendices to this document).
Types of Interconnection Service
There are two types of interconnection service that can be requested at the onset of a large generator interconnection procedure: Energy Resource Interconnection Service or Network Resource Interconnection Service. The choice of interconnection service may affect the assumptions under which the proposed project will be studied and required interconnection upgrades. Energy Resource Interconnection Service assumes that the proposed project will deliver its energy using the existing transmission system on an "as available" basis. Network Resource Interconnection Service roughly implies that the interconnection studies will determine network upgrades to allow for delivery of energy to the Transmission Provider's network.
Interconnection Study Stages and Their Scope
The LGIP defines three study stages: the Interconnection Feasibility Study, the Interconnection System Impact Study, and the Interconnection Facilities Study. Each of these studies comes with its own study agreement, study assumptions, and procedures.
Feasibility Study
The Feasibility Study Agreement is contained in Appendix 2 of the LGIP and must be signed and provided to the transmission provider along with a deposit for the performance of the study. After completion of the study, the difference between the deposit and the actual cost incurred will be paid by or refunded to the interconnection customer.
The purpose of the Interconnection Feasibility Study is to identify any circuit breaker short circuit capability limits that may be exceeded as a result of the proposed interconnection, identify any thermal overload or voltage limit violations caused by the interconnection, and identify and estimate the cost of any facilities required to interconnect the proposed generation. Technically, the study consists of a power flow and a short circuit study. Before the studies begin, the interconnection customer must provide a designated POI and configuration to be studied as well as alternative POIs and configuration(s) as requested in Attachment A of LGIP's Appendix 2.
System Impact Study
The SIS Agreement is contained in Appendix 3 of the LGIP and must be signed and returned to the transmission provider along with a deposit. The LGIP also requires that the interconnection customer demonstrate control of the proposed site before proceeding with the SIS.
The purpose of the SIS is to evaluate the impact to the reliability of the transmission system after the interconnection of the proposed facility. The study consists of a short circuit analysis, stability analysis, and a power flow analysis. The interconnection customer must provide a designated POI and configuration to be studied along with alternative(s) POIs and configuration if these have changed from the Feasibility Study.
Before the execution of the SIS Agreement, modifications to the interconnection request are permitted under certain instances without impacting the proposed project's position on the queue. Per Section 4.4.1 of the LGIP, modifications allowed are:
• A decrease of up 60% of electrical output;
• Modifying technical parameters of the generating facility technology or the step-up transformer impedance; and
• Modifying the interconnection configuration.
Additional modifications may require an evaluation by the transmission provider to determine whether the modification is material. Any change to the POI constitutes a Material Modification.
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A restudy may be required in some cases, for example, when there are significant changes in the interconnection request or in the projects that hold senior positions in the interconnection queue.
Facilities Study
The Facilities Study Agreement is contained in Appendix 4 of the LGIP and must be signed and returned to the transmission provider along with the greater of $100,000 or an estimate of the monthly cost of performing the Facilities Study.
The purpose of the Facilities Study is to specify and estimate the cost of the equipment, engineering, and construction work needed to interconnect the proposed facility. The study will also identify electrical configurations of the transformer(s), switchgear, meters, and other station equipment. Finally, the study will also identify the nature and estimated cost of any transmission network upgrades needed as a result of the interconnection. Attachment A to Appendix 4 of the LGIP provides a customer schedule election for conducting the Facilities Study. The interconnection customer is provided with two options regarding the accuracy of the cost estimates to be provided in the Facilities Study. The options are:
1. ninety (90) calendar days with no more than a ± 20 percent cost estimate in the report, or 2. one hundred eighty (180) calendar days with no more than a ± 10 percent cost estimate.
Before the execution of the Facilities Study Agreement, modifications to the interconnection request are permitted under certain instances without affecting the queue position. Per Section 4.4.2 of the LGIP, modifications allowed at this stage are:
• An additional 15% decrease of electrical output; and
• Modifying technical parameters of the generating facility technology or the step-up transformer impedance.
Other modifications proposed before the initiation of the Facilities Study Agreement are subject to a material modification determination under the same rules set forth under the SIS Agreement.
Queuing
The interconnection queue is essentially a first-come, first-served process that determines the order in which a interconnection customer's proposed facility will be studied. Upon receipt of a valid interconnection request, the transmission provider will assign the interconnection customer a queue position. The queue position is also important because it could determine the cost responsibility of the interconnection customer for the facilities needed to interconnect. Interconnection studies are conducted for each generator in the order in which they are filed and take into account all other interconnection requests and transmission service requests that hold senior positions in the queue.
With the number of interconnection requests growing, especially for renewables, interconnection queues in regions with Regional Transmission Organizations (RTOs) and Independent System Operators (ISOs) have become extremely backlogged. In March 2008, FERC held a technical conference and subsequently issued an order directing transmission providers to provide the status of their queues along with proposals for queue process reforms. 17 The FERC guidance was aimed at speeding the process of the interconnection studies by:
• Increasing staff to perform studies;
• Adopt more efficient modeling for studies; or
• Cluster interconnection requests in a single study. The process of "clustering" multiple interconnection requests to evaluate the impacts to the transmission system in a single study is contained within the LGIP. Typically the transmission provider will have a "Queue Cluster Window" of no more than 180 days where all interconnection requests received within the window are studied together.
Many transmission providers are in the process of evaluating proposed reforms to the current FERC pro forma standards for queue process and management. Reform proposals are specific to the ISO or RTO and often include greater financial deposits or full demonstration of site control from interconnection customers to enter the queue (first-ready, first-served), interconnection studying techniques such as clustering, and tighter restrictions on suspension of interconnection status for projects.
Serial and Clustering Approaches 18
The serial approach to interconnection studies is the traditional style of the FERC LGIP. This is the first-come, first served approach in which interconnection requests are studied individually with the transmission system model based on the time the request was submitted and any modifications made from earlier interconnection requests.
The clustering approach is one that many transmission providers are moving towards. In a clustering approach, transmission providers have a window of opportunity during which interconnection requests are accepted (typically this happens twice a year). Upon the closure of the window, all valid interconnection requests are studied simultaneously. The benefit of doing this is that the interconnection studies are done for multiple projects at once. Network upgrade costs for a cluster are often shared among the interconnection projects in the cluster.
Queue Reform
As a consequence of the time sensitive governmental incentives described for renewable energy described above, there has been a charge to submit interconnection requests in order to secure interconnection rights for access to transmission. That charge has created a severe backlog of interconnection requests in many areas across the nation. The FERC has taken notice of the backlog issue and has directed RTOs and ISOs to report on the status of their efforts to improve the processing of their interconnection queues.
RTOs and ISOs have identified the two biggest problems with the original interconnection requirements as the ease of entry into the interconnection queues and the serial study approach. Many transmission providers are increasing the deposit amount to enter the queue as well as requiring the applicant to meet certain milestones such as power contracts, permit acquisitions, and transmission service security deposits in order to secure a position within the queue. Transmission providers are also opting to move to the clustering approach for interconnection studies and are tightening their requirements for allowing generating projects to suspend their interconnection requests.
Interconnection queues and study processes vary from region to region. Below are some of the reforms the various RTOs and ISOs have taken to improve the process:
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• California ISO (CAISO), Midwest Independent Transmission System Operator (MISO), New York ISO (NYISO), and PJM have moved from a serial approach to a cluster or group study approach;
• MISO, Southwest Power Pool (SPP) and NYISO have moved from a first-come, firstserved approach to a first-ready, first-served approach; and
• ISO-NE has increased the deposit levels throughout the interconnection process.
Project Data and Modeling Requirements
The interconnection study process entails a fair amount of simulation and analysis to determine the impact of the proposed project and identify mitigation alternatives. Traditionally, three types of analysis are conducted to study the performance of the bulk power system. They are (1) short circuit, (2) steady-state power flow, and (3) 
Load Flow Data
Large central PV systems have a complex internal configuration and it is not practical or necessary to represent each of the components in the context of interconnection studies. The WECC Guide recommends that large-scale PV systems be modeled as a single machine equivalent, as illustrated in Figure 9 . Quoting from the WECC Guide,
"In this model, the equivalent generator represents the total generating capacity of all the inverters, the equivalent pad-mounted transformer represents the aggregate effect of all step-up transformers, and the equivalent collector system branch represents the aggregate effect of the PV plant collector system. With the proper model parameters, this model should approximate PV plant load flow characteristics at the interconnection point, collector system real and reactive losses and voltage profile at the terminals of the "average" inverter in the PV plant."
An important observation is that data requirements listed in the pro forma LGIP and LGIA were intended for conventional generators. A different set of data is needed for PV systems. Appendix A of the WECC Guide contains a sample PV plant data request that is more adequate for power flow representation of PV plants. It is recommended that this type of information be used to supplement the data request in the pro forma LGIP. 
Dynamics Data
The power system is dynamic system and, as such, the full spectrum of possible behaviors cannot be predicted with a steady-state, static model. Dynamic issues within the power system, such as transient stability of rotating machines (generators and motors), are addressed using transient stability programs that examine the system from tens of milliseconds up to several seconds after an event. These programs require dynamic models of the synchronous machines, turbines and governors, loads, high-voltage direct current (HVDC) transmission lines, static var compensators (SVCs), inverters, and other fast-acting devices.
Access to dynamic models for PV (and wind) generators has been an issue for the industry. Manufacturer-specific, user-written, and often proprietary models are often used for interconnection studies because standard models do not yet exist or are not adequate. The effort required to work with such models is significant, and can impact study cost and time significantly. In addition, such models may not be adequate to meet NERC modeling requirements for regional planning.
23 REMTF is currently working to improve standardized dynamic models for PV (and wind) generation.
PLANT PERFORMANCE REQUIREMENTS FOR INTERCONNECTION
Existing requirements have for the most part been centered on conventional utility-scale generation plants such as thermal (coal, natural gas, nuclear) and hydro units. Given the growing number of renewable energy generation facilities, a current challenge for the industry is to determine what expectation should be placed on these plants to reliably operate the grid.
Existing and proposed performance requirements potentially applicable to large-scale PV plants are contained in the following key documents:
• FERC LGIA -Standard Large Generator Interconnection Agreement. Article 9 deals with Operational Requirements. Explicitly there is no mention of PV in the FERC LGIA; however, a term commonly used in FERC documentation is "best utility practice," referencing PV plants to the LGIA requirements is a reflection of that statement.
• FERC Order 661A -Specifies the technical standards applicable to a wind generating plant greater than 20 MW. Requirements refer to Low-Voltage Ride-Through, Power Factor Control, and SCADA systems. Although specifically only mentioning wind farms, many utilities are referring to FERC Order 661A for PV requirements as well.
• NERC PRC-024-1 -This proposed NERC standard provides further guidance on voltage and frequency tolerance for all generator technologies. If approved, this standard may be applied in lieu of FERC Order 661A as well as off-nominal frequency (ONF) ridethrough requirements.
• Regional Criteria -Performance requirements specific to some Reliability Entities are sometimes applied to interconnection of solar generators. For example, Section 4.2 of WECC's ONF Load Shedding Plan 24 defines frequency tolerance requirements for bulk generators.
Under NERC's Planning and Operating Committees, the Integration of Variable Generation Task Force 25 (IVGTF) was formed to evaluate the barriers to integrating variable generation as well as providing recommendations. Within the IVGTF the interconnection subgroup's objective is that procedures and standards should be enhanced to address voltage and frequency ride-through, reactive and real power control, frequency and inertial response, and must be applied in a consistent manner to all generation technologies. In 2009 the IVGTF released a report covering the characteristics of variable generation and its planning, technical, and operational impacts along with its recommendations for integrating variable resources into the bulk power system.
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NERC recently released for comment a set of IVGTF recommendations on interconnection standards covering reactive power, voltage and frequency ride-through, etc.
Voltage and Frequency Tolerance
LVRT, also referred to as Fault Ride-Through (FRT), requires that the generator remain connected to the grid following a voltage disturbance. The basis for the requirement is that during a fault on the system, the immediate disconnection of a large facility would be counterproductive. LVRT requirements are a relatively new to the PV industry. PV generation initially became prominent as a form of distributed generation (DG), for which the applicable interconnection requirements are defined in the IEEE 1547 standard. According to IEEE 1547, distributed generators are required to disconnect from the grid within a certain period of time following a disturbance. The emphasis is on disconnecting from the grid to avoid interfering with protection schemes and prevent unintentional islanding.
In the United States, LVRT requirements for wind plants were first standardized in FERC Order 661A. This requirement is often applied to transmission-connected PV plants even though the standard states that it applies only to wind plants. FERC's LVRT requirement mandates that a generator shall withstand zero voltage at the POI (typically the primary side of the station transformer) for up to 0.15 seconds (9 cycles) and the ensuing voltage recovery period. The FERC requirement is not specific about the requirement for ride-through during the voltage recovery period.
NERC's proposed PRC-024-1 standard addresses voltage tolerance for all generators. If approved, NERC's voltage ride-through (VRT) standard will have to be reconciled with FERC Order 661A and other LVRT regional standards that may exist. Figure 10 shows the VRT curve contained in the proposed NERC PRC-024-1 requirement. 
Frequency Tolerance (Under/Over-Frequency)
Where voltage deviations tend to be more localized, frequency deviations will effect an entire interconnection. Generator frequency tolerance is typically coordinated with under-frequency load shedding (UFLS) schemes.
The FERC LGIA states that proposed generators must meet ONF tolerance requirements of the applicable reliability council. For example, large-scale PV plants connected in the WECC footprint may need to comply with the existing WECC ONF requirement. The proposed NERC PRC-024-1 requirement also addresses generator frequency tolerance. The details of both the WECC ONF and proposed NERC PRC-024-1 frequency ride through requirements are shown in Figure 11 and Table 2 . If the PRC standard is approved, discrepancies with regional ONF requirements would need to be reconciled. 
Reactive Power Capability and Volt/VAr Control
According to the FERC LGIA, the generally accepted power factor requirement for large generators is +/-0.95. 27 The '+/-' refers to leading or lagging power factor. In a conventional power plant, the reactive power range is dynamic, which means that the generator can adjust continuously within this range.
Reactive power requirements for PV plants are not well defined.
Sometimes, the FERC provisions in Order 661A are applied even though the document states that it applies to wind generation only. FERC Order 661A requires that wind plants have a power factor range of +/-0.95 measured at the POI, and provide sufficient dynamic voltage support "if the Transmission Provider's System Impact Study shows that such a requirement is necessary to ensure safety or reliability." Wind power plants are normally designed to meet the +/-0.95 power factor range by default. For some types of wind power plants, the requirement to provide dynamic voltage support requires additional reactive power support equipment as part of the plant.
For the PV industry, provision of reactive power is a departure from the PV application in distribution systems. By default, PV inverters designed for distribution interconnection are designed to operate at unity power factor, and are unable to supply reactive power when operating at rated kW output. To maintain a +/-0.95 power factor range at nominal voltage and at rated kW output, the inverter would need to have a kVA rating at least 5.2% higher than the kW rating. Considering that inverter cost is related to the kVA (current) rating, the power factor range requirement comes at a higher cost compared to PV existing industry practice.
SCADA Integration Requirements
FERC Order 661A also contains Supervisory Control and Data Acquisition (SCADA) requirements for wind plants. As mentioned in the previous discussion, SCADA requirements contained in FERC Order 661A are sometimes applied to large-scale PV plants. The purpose of the requirement was for the plant owner to be able to transmit data and receive instructions from the transmission provider in order to protect system reliability. SCADA data to be shared are based on needs for real-time operations (line switching, generation dispatch, etc.), state estimation (to determine real-time stability), remedial action schemes (planned response to contingencies), and safety issues (confirming energized/de-energized components). Further details on SCADA for power system applications can be found in IEEE Standard 1547. 
Station Configuration and Protection
During the Feasibility Study different options for station configuration and POI for the PV generator facility are evaluated. A number of options may be feasible; however, one configuration is selected based on factors such as cost, permitting options, construction time, and system reliability. Figure 12 shows some examples of possible interconnection facility options. Other configurations are possible. In all the examples shown, it is assumed that there is an existing transmission line between Station A and Station B. Existing equipment is drawn in black, and new construction is shown in blue. For simplicity, line terminations into Stations A and B are represented by a single breaker. In reality, transmission switching stations have a more complex configuration such as a ring or breaker-and-a-half scheme. In Option A the existing transmission line is broken in order to build a new switching station with a three-breaker ring bus. The proposed PV may require a new interconnection transmission line to this new station depending on the location of the PV site. This option may allow the PV plant to operate even if the line either to Station A or to Station B is out of service. This allows for flexibility for maintenance. The tradeoff is the relatively higher cost.
In Option B the existing line is extended to the so that the new switchyard can be built next to the PV site. This configuration is similar to Option A, but could result in higher cost overall.
Option C represents a direct connection to an existing switching station. The existing Station B would have to be upgraded with additional circuit breakers and a new transmission line would be built to the PV site. One advantage of this configuration is it does not require a new transmission switching station to be developed.
Option D represents a very simple and potentially low-cost interconnection method. However, this option is often unacceptable to a utility because of reliability and operations considerations. Even if this option were considered a possibility, a more complex protection scheme would have to be implemented.
Some utilities require the installation of a synchronizing breaker for generators to avoid the use of breakers at the transmission switching stations for protection of the interconnection customer's transformer or for disconnection and reconnection of the generator.
Current Efforts to Update Interconnection Procedures and Standards
The purpose of this report is to describe in a general sense the existing requirements and procedures for interconnecting large-scale PV plants greater than 20 MW per the FERC LGIP. It should be stressed that these procedures and requirements are continuously evolving, and some of the discussion and proposed changes specifically pertain to variable generation (PV and wind). For example, California Independent System Operator Corporation (CAISO) proposed revisions to its tariff relating to interconnection requirements applicable to large asynchronous generators, predominantly wind and solar photovoltaic resources. CAISO's proposed revisions were in four specific areas: (1) power factor design and operations criteria; (2) voltage regulation and reactive power control requirements; (3) frequency and LVRT requirements; and (4) generator power management. FERC rejected the proposed changes related to reactive power design criteria, voltage regulation, and generator power management. However, FERC accepted proposed changes related to frequency and voltage ride-through, including clarification that the revised voltage and frequency ride-through standards apply to all asynchronous facilities (including PV). Specifically, CAISO's proposed revisions were summarized by the commission as follows:
28
• Separate the requirements for ride-through of single-phase faults with delayed clearing from those applicable to all normally cleared faults, in order to make clear that asynchronous generators must ride through the recovery phase of single-phase faults.
• Clarify that the LVRT provisions apply to all types of normally cleared faults, not merely three-phase (i.e., two-phase or single-phase faults).
• Establish criteria to define which breaker clearing time sets the "normal" clearing time for purposes of the ride-through requirements. Specifically, the CAISO proposes that the "normal" clearing time be defined as the lesser of the maximum normal clearing time for any three-phase fault that causes the voltage at the POI to drop to or below 0.2 per unit of nominal.
• Clarify that remaining on line does not require injection of power, but requires remaining physically connected.
• Clarify that the ride-through requirement applies to the facility, but does not necessarily require each individual unit to remain connected.
• Clarify that the ride-through requirements are not applicable to multiple-fault events.
28 See FERC Docket ER10-1706-000.
With regard to frequency ride-through, CAISO sought clarification that asynchronous generators must comply with the ONF requirements in the WECC Load Shedding Guide.
As stated earlier, NERC is working on revisions to interconnection requirements and performance standards for variable generators that will eventually need to be reconciled with FERC's ongoing proceedings. For this reason, it is recommended that stakeholders remain current with FERC and NERC proceedings.
